Article (peer-reviewed) ABSTRACT Gold nanoparticle labels, combined with UV-visible optical absorption spectroscopic methods, are employed to probe the temperature-dependent solution properties of DNA triple helices. By using oligonucleotide±nanoparticle conjugates to characterize triplex denaturation, for the ®rst time triplex to duplex melting transitions may be sensitively monitored, with minimal signal interference from duplex to single strand melting, for both parallel and antiparallel triple helices. Further, the comparative sequence-dependent stability of DNA triple helices may also be examined using this approach. Speci®cally, triplex to duplex melting transitions for triplexes formed using oligonucleotides that incorporate 8-aminoguanine derivatives were successfully monitored and stabilization of both parallel and antiparallel triplexes following 8-aminoguanine substitutions is demonstrated.
INTRODUCTION
There is increasing interest in the design of sequence-speci®c DNA-binding molecules that may have diagnostic or therapeutic uses (1, 2) . In this regard, naturally occurring triple helix DNA can be found in living cells and is thought to play a role in DNA transcription, cleavage and recombination (3±5). Also, oligonucleotides may bind oligopurine±oligopyrimidine sequences of double-strand DNA by forming triple helices (triplexes) (6) . Depending on the orientation of the third strand with respect to the central oligopurine Watson±Crick strand, triplexes are classi®ed into two main categories: (i) parallel and (ii) antiparallel. Parallel triplexes require protonation of N3 of cytosine to form correct Hoogsteen bonding with N7 of guanine. For this reason parallel triplexes are mostly stable under acidic conditions. In comparison, antiparallel triplexes require no protonation and exhibit pH-independent strong binding. The ability to target speci®c sequences of DNA through oligonucleotide-based triple helix formation provides a powerful tool for genetic manipulation, suggesting that triplex DNA has potential applications in DNA sequencing, gene control and gene therapy (3±5).
In order for triplex DNA to realize its maximum potential, it is essential to develop novel methods that will permit the characteristics of these structures to be completely elucidated. One of the most common ways to assess the af®nity of oligonucleotides for targets, such as triplex-forming doublestrand DNA, is the use of melting experiments followed by UV absorbance. In this technique, nucleic acid bases become unstacked during denaturation, causing an increase in absorbance of the solution, a hyperchromic effect (7) . Although this technique is simple to use, it suffers from some limitations. Firstly, the absorbance changes are not large and each assay requires a comparatively large amount of material. Secondly, triplexes have two transitions in their melting pro®les (triplex to duplex and duplex to single strand); often these transitions overlap and are not easily distinguished. Thirdly, and more speci®cally, the formation of antiparallel triplexes is accompanied by only small changes in absorbance, making the evaluation of the properties of these structures dif®cult (8, 9) . Notably, a technique based on the use of molecular beacons has recently been applied for the characterization of melting of intramolecular triplexes (10) .
Gold nanoparticles bearing oligonucleotides were ®rst described in 1996 (11, 12) . Since then, these oligonucleotide± nanoparticle conjugates have been used as a means to monitor oligonucleotide hybridization and denaturation, to form networked arrays (11, 13, 14) and to form predetermined dimeric and trimeric assemblies (12, 15) . In particular, the optical properties of gold nanoparticles linked to oligonucleotides has attracted large interest due to their potential use in genetic analysis (16±21). In this paper, we characterize the solution phase thermal denaturation processes of 3-dimensional oligonucleotide-linked gold nanoparticle networks, the assembly of which is mediated by oligonucleotide triplex formation, using UV-visible absorbance spectroscopy. In particular, we report for the ®rst time the use of gold nanoparticle labels to accurately monitor the melting behaviour and comparative stability of both parallel and antiparallel DNA triplexes.
MATERIALS AND METHODS

Materials
The following materials were obtained from Sigma-Aldrich (UK): HAuCl 4 , trisodium citrate dihydrate, citric acid, *To whom correspondence should be addressed. Tel: +353 21 4904077; Fax: +353 21 4270271; Email: gareth.redmond@nmrc.ie Na 2 HPO 4 , NaCl, dithiothreitol (DTT), HCl and HNO 2 . NAP-10 columns were purchased from Amersham Pharmacia Biotech (UK). The Gelman 0.45 mm Nyla¯o â nylon membrane ®lters were purchased from Sigma-Aldrich (UK). Nanopure H 2 O (18.2 MW) puri®ed using an Elgastat Prima puri®cation system was employed during all experiments. All glassware involved in the synthesis of Au nanoparticles was washed ®rst with Aqua Regia (3 HCl:1 HNO 3 ) and then rinsed thoroughly with deionized water. The nanoparticle solutions were centrifuged using an Eppendorf 5415D microcentrifuge.
Preparation of Au nanoparticles
Au nanoparticles were prepared by the citrate reduction of HAuCl 4 (22, 23) as follows. An aliquot of 50 ml of aqueous HAuCl 4 solution (19.7 mg, 1.0 mM) was heated at re¯ux and stirred vigorously. An aliquot of 5 ml of aqueous sodium citrate solution (57.04 mg, 38.8 mM) was added rapidly and the reaction went through a colour change from yellow to clear, then to black and ®nally red within the ®rst minute. The solution was stirred at re¯ux for a further 15 min, allowed to cool to room temperature and was then ®ltered under vacuum through a Gelman 0.45 mm Nyla¯o â nylon membrane ®lter to yield a red solution. The resulting nanoparticle sol was analyzed by UV-visible absorption spectroscopy using an Agilent 8453 spectrophotometer. Optical absorbance at 520 nm was recorded and the concentration of the solution was determined using Beer's Law to be 15.66 nM. Transmission electron microscopy, using a JEOL JEM 1200-EX transmission electron microscope, was performed to determine the size distribution of the nanoparticles in the sol.
Preparation of oligonucleotides
Oligonucleotide sequences were synthesized on an Applied Biosystems DNA synthesizer, model 392. Sequences were prepared using standard (Bz-or ibu-protected) 3¢-phosphoramidites and bis-DMF-protected 8-aminodeoxyguanine phosphoramidite (24, 25) . The latter phosphoramidite is now commercially available (Glen Research). Standard 1 mmol scale synthesis cycles were used. Oligonucleotides carrying thiol groups at the 5¢-end were prepared using the phosphoramidite of DMT-protected 6-hydroxyhexyl disul®de. Oligonucleotides carrying thiol groups at the 3¢-end were prepared using a controlled pore glass (CPG) support functionalized with DMT-protected 3-hydroxypropyl disul®de (Glen Research). Coupling ef®ciencies were >98%. After synthesis, oligonucleotide supports carrying thiol groups were treated overnight with 1 ml of 50 mM DTT in concentrated NH 3 at 55°C. The support corresponding to the oligonucleotide carrying 8-aminoguanine and a thiol group was treated with 1 ml of concentrated NH 3 containing 0.1 M 2-mercaptoethanol at 55°C for 24 h (25). The resulting solutions were concentrated to dryness. Oligonucleotides bearing thiol groups shall be referred to herein as unmodi®ed oligonucleotides, as distinct from those that have Au nanoparticle labels or those incorporating 8-aminoguanine groups.
Dithiol linkages in thiolated oligonucleotide solutions were cleaved prior to use by adding an appropriate amount of a 0.1 M solution of DTT in 0.17 M sodium phosphate buffer (pH 8). Typically, 20 ml of DTT solution was added to 100 ml of a 100 pmol/ml solution of the oligonucleotide. The solution was allowed to stand at room temperature for 0.5 h. The thiolated oligonucleotides were then desalted on a NAP-10 (Pharmacia) column using a 0.1 M citrate:phosphate buffer (pH 7) as solvent. The resulting fractions were analyzed by UV-visible absorption spectroscopy and the optical absorbance at 260 nm was recorded for each fraction. The optical absorbance at 260 nm of the fraction containing the puri®ed oligonucleotide was used in conjunction with the known extinction coef®cient of the oligonucleotide to determine the oligonucleotide concentration according to Beer's Law. Oligonucleotides were prepared for melting experiments by dissolving them at an appropriate concentration in buffer solution (1 M NaCl, 0.1 M citrate:phosphate buffer, pH 7). Oligonucleotide complexes were prepared by mixing 1.5 nmol each strand in a total reaction volume of 1 ml. For reactions at pH 5.5, the pH of the solutions was lowered by the addition of 350 ml of 0.05 M citric acid solution. The solutions were then heated to 90°C for 5 min, slowly cooled to room temperature and left to hybridize for 24 h.
Preparation of oligonucleotide±nanoparticle conjugates
Solutions of Au nanoparticles and oligonucleotides were mixed in appropriate amounts (26) solution (the volume added was similar to that removed). This procedure was repeated and the reddish solid at the bottom was dispersed in 0.3 M NaCl, 0.1 M citrate:phosphate buffer (pH 7). The solution was analyzed by UV-visible spectroscopy and absorbances at 260 and 520 nm were recorded. The concentration of the solution was determined using the absorbance of the solution at 520 nm and Beer's Law (26) . The solution was stored at room temperature. Melting experiments were carried out using 2 pmol amounts of each oligonucleotide±gold nanoparticle conjugate (i.e. 0.32 nmol attached oligonucleotides) (27) in 1 M NaCl, 0.1 M citrate:phosphate buffer (pH 7 or 5.5) in a total reaction volume of 1 ml. The solution was heated to 90°C for 5 min, slowly cooled to room temperature and then left to hybridize for 24 h.
Temperature-dependent UV-visible absorption spectroscopy
Optical melting curves were collected on an Agilent 8453 spectrophotometer equipped with an Agilent temperature controlling Peltier unit. The prehybridized solution was transferred to a stoppered 1 cm path length cuvette and UVvisible optical absorption spectra were recorded at 2°C intervals, with a 1±2 min heating time and a hold time of 1 min at each temperature interval, while the sample was heated from 20 to 90°C. The data were collected as wavelength versus absorbance spectra from which plots of absorbance versus temperature at 260 nm were extracted. The melting temperature of each of the systems was determined from these graphs by plotting the second derivative of each melting curve and ®nding the point at which each curve crossed the x-axis. Melting curves were acquired for several heating and cooling gradients. The apparent T m obtained using the present method may be overestimated with respect to the T m obtained under equilibrium by a maximum of up to 1°C.
RESULTS AND DISCUSSION
To explore the use of oligonucleotide±gold nanoparticle conjugates in monitoring triplex denaturation, several parallel and antiparallel triplex-forming oligonucleotides, carrying thiol groups, having the same hairpin duplex as the target (28) were studied (see Fig. 1 ). As described in Materials and Methods, sequence h 26 5¢-SH (5¢-thiol-hexyl-GAAGG-AGGAGA-TTTT-TCTCCTCCTTC-3¢), sequence Hoog-CT3¢-SH (5¢-CTTCCTCCTCT-propyl-thiol 3¢) and sequence Hoog-GA5¢-SH (5¢-thiol-hexyl-AGAGGAGGAAG-3¢) were synthesized using the phosphoramidite of DMT-protected 6-hydroxyhexyl disul®de and a CPG support functionalized with DMT-protected 3-hydroxypropyl disul®de. To make oligonucleotide±nanoparticle conjugates, the thiol-terminated oligonucleotides were reacted with citrate-stabilized gold nanoparticles (13 nm) in buffered aqueous solution to obtain a dispersion of gold nanoparticles bearing multiple oligonucleotide molecules per nanoparticle (11).
The denaturation behaviour of parallel triplexes formed using unmodi®ed oligonucleotides and oligonucleotide±gold nanoparticle conjugates, respectively, was ®rst investigated. The sequences h 26 5¢-SH and Hoog-CT3¢-SH were mixed together in an aqueous citrate:phosphate buffer at pH 5.5. At this pH these sequences hybridize to form parallel triplexes. Denaturation of these triplexes was achieved by slow and steady heating of the hybridized solution. During denaturation, UV-visible absorption spectra of the solution were obtained at 2°C intervals and the melting curve, i.e. the change in the absorbance at 260 nm with respect to temperature, was plotted (see Fig. 2 ). Two transitions are observed on the melting curve. The ®rst, having a T m value between 40 and 50°C, is due to the triplex to duplex transition and the second, at~85°C, is the duplex to random coil transition.
Following this, the melting properties of triplexes formed using strands of identical sequence and modi®ed with gold nanoparticles were investigated. The oligonucleotide±nano-particle conjugates were ®rst mixed together using the same hybridization solution type and conditions as employed above. Oligonucleotide hybridization results in the formation of 3-dimensional interlinked networks of nanoparticles, referred to as triplex±nanoparticle aggregates. During the hybridization process the solution changes from an initial red colour to a pale blue/black colour. Speci®cally, signi®cant spectral changes occur in the UV-visible absorption spectra of these solutions at 260 and 520 nm and in the region 600±700 nm due to the formation of nanoparticle aggregates following hybridization of the covalently attached oligonucleotides. These large absorbance changes, as compared with unmodi®ed oligonucleotides, are a result of the marked sensitivity of nanoparticle optical properties to the reduced internanoparticle distances that occur when the nanoparticles are brought into close proximity following hybridization (16± 21). The magnitude and reversibility of these spectral changes allows the progress of triplex formation and subsequent denaturation to be monitored optically for very small oligonucleotide concentrations.
To compare the denaturation behaviour of these parallel triplex±nanoparticle aggregates to that of the parallel triplexes formed using unmodi®ed oligonucleotides described above, the solution was heated at 2°C intervals and the change in the absorbance of the solution at 260 nm was measured with respect to temperature. The derived melting curve shows only one transition, at~60°C, the triplex to duplex transition (see Fig. 2 ). As the triplexes denature, the duplex hairpin and single oligonucleotide strands separate and hence the crosslinked nanoparticles also become separated and redisperse into solution, causing a reversal of the spectral changes that occurred during hybridization. Thus this`melting' transition represents the breakdown of the 3-dimensional interlinked gold nanoparticle networks following triplex denaturation. However, while during heating some of the DNA crosslinks in an aggregate can dissociate without dispersing the Au nanoparticles into solution, every DNA crosslink must dissociate before the nanoparticles can move apart. Hence, the observed optical`melting' signal, which re¯ects the average internanoparticle spacing, typically occurs at a higher temperature and over a narrower temperature range than that observed for unmodi®ed strand melting. This sharp`melting' in triplex±nanoparticle aggregates as compared with melting of unmodi®ed triplexes therefore derives from: (i) a cooperative effect due to the multiple oligonucleotide interconnects between particles in the network structure; (ii) the monitoring of a nanoparticle optical signature that is sensitive to internanoparticle distance and particle aggregate size rather than a DNA nucleotide base signature (16±21). Consequently, while the extraction of formal thermodynamic data from triplex±nanoparticle aggregate melting pro®les may be complex, comparative sequence-dependent analysis of aggregate melting offers a convenient way to assess the relative stability of different triplexes. Also, since the hyperchromic change associated with melting of triplex±nanoparticle conjugates (i.e. the triplex to duplex transition) is higher than that of corresponding unmodi®ed triplexes, the subsequent duplex to random coil transition is not observed in these systems as it is accompanied by a comparatively smaller absorbance change.
Antiparallel triplexes formed using unmodi®ed oligonucleotides were prepared in an analogous manner using the same hairpin sequence, h 26 5¢-SH, and a different oligonucleotide sequence, Hoog-GA5¢-SH (see Fig. 1 ). Both unmodi®ed triplexes and triplex±nanoparticle aggregates were then formed. The main difference between parallel and antiparallel triplexes is that parallel triplexes form only at pH 5.5, while antiparallel triplex formation is pH independent (pH 7 used herein). The melting curves obtained from the UV-visible analysis of denaturation of both unmodi®ed triplexes and triplex±nanoparticle aggregates are shown in Figure 3 . The melting curve of unmodi®ed triplexes shows a single transition (with a T m of~85°C), the duplex to single strand transition. This transition is weak and dif®cult to determine with accuracy due to the small absorbance change that occurs over a broad temperature range. The triplex to double strand transition is not observed at all, since the purine third strand is largely stacked in the free state (29) . Thus, UV-visible absorption spectroscopy cannot be used to determine the melting transition of antiparallel triplexes. For this reason little structural information is available concerning antiparallel triplexes (30±32). This is a pertinent problem given that these triplexes are of widespread interest since they are formed at physiological pH. Other techniques for analysis of antiparallel triplex denaturation have been developed, but these are often more complex and time consuming than the comparatively simple UV-visible monitoring technique. In this regard, we have recently obtained a value for the T m of this antiparallel triplex to duplex transition using a more complex multivariate analysis technique (44°C at 10 mM sodium phosphate, pH 4±8) (33) .
In comparison, the melting curve of the antiparallel triplex± nanoparticle aggregates shows a single transition that is due to the triplex to duplex transition (see Fig. 3 ). This transition is strong and well de®ned for these triplex±nanoparticle aggregates, whereas it is completely undetectable for the same sequences in the absence of gold nanoparticle labels. The duplex to random coil transition is not observed, similar to the results presented above for parallel triplexes. An aggregatè T m ' value of~50°C is higher than that measured for unmodi®ed triplexes using multivariate analysis (44°C) (33) , consistent with the known melting behaviour of oligonucleotide±nanoparticle aggregates outlined above. Also, the aggregate`T m ' value of~50°C measured for antiparallel triplex±nanoparticle aggregates is lower than the value of 60°C measured for melting of parallel triplex± nanoparticle aggregates, consistent with the known comparative stability of antiparallel triplexes (34, 35) . Thus we have provided a simple method for examination of the melting behaviour of both parallel and antiparallel triplexes.
If triplexes are to be useful in DNA sequencing, gene control, gene therapy, etc., it is important that they form stable triplexes at physiological pH. Many research groups have targeted this problem through, for example, inclusion of chemically modi®ed nucleobases in the third strand (36), addition of spermine to the triplex solution (37, 38) , covalent attachment of spermine to the oligonucleotide (39) or through the incorporation of 8-aminopurines into the hairpin strand (40±42). Recently we have shown that inclusion of 8-aminoguanine in the hairpin strand stabilizes parallel triplexes (40±42). Also, we have shown that by using hairpins carrying the purine strand linked to the Hoogsteen strand it was possible to observe a triplex to single strand transition and measure melting temperatures for this transition in antiparallel triplexes (43) . In this way we demonstrated that 8-aminoguanine stabilizes antiparallel triplexes (by~2±3°C per substitution). However, while this data applies only to triplex to single strand transitions, neither observation nor analysis of the triplex to duplex transition in 8-aminoguanine-stabilized 
antiparallel triplexes has yet been possible. To address this challenge, we employed oligonucleotide±nanoparticle conjugates to monitor the denaturation of parallel and antiparallel triplexes incorporating 8-aminoguanine nucleobases in the hairpin strand. To this end, oligonucleotide h 26 3AG5¢-SH carrying three 8-aminoguanines was prepared using standard methods (see Fig. 1 , 5¢-thiol-hexyl-GAAGGAGGAGA-TTTT-TCTCCTCCTTC-3¢, where G = 8-aminoguanine).
Parallel triplexes were formed using oligonucleotides h 26 3AG5¢-SH and Hoog-CT3¢-SH in a citrate:phosphate buffer at pH 5.5. Denaturation of this triplex was then performed and monitored via temperature-dependent UVvisible absorption spectroscopy. The derived melting curve exhibits only one transition, the duplex to random coil transition (with a T m of~80°C) (see Fig. 4 ). Also shown for comparison is the melting curve for the parallel triplex without 8-aminoguanine inclusion (data taken from Fig. 2 ). For 8-aminoguanine-stabilized parallel triplexes, the triplex to duplex transition is obscured by the duplex to random coil transition due to strong triplex stabilization following incorporation of 8-aminoguanine nucleobases. This is in agreement with previously observed stabilization of parallel triplexes induced by inclusion of 8-aminoguanine (>5°C per substitution) (40) .
Parallel triplex±nanoparticle aggregates were then prepared by conjugating h 26 3AG5¢-SH and Hoog-CT3¢-SH with gold nanoparticles via their thiol moieties. The oligonucleotide± nanoparticle conjugates were mixed together in the appropriate hybridization solution to facilitate triplex formation. As with other oligonucleotide±nanoparticle conjugate hybridizations the solution changed to a blue/black colour as the hybridization progressed, due to the formation of 3-dimensional networks of linked nanoparticles. This solution was heated under standard denaturation conditions. The resultant melting curve, obtained from UV-visible analysis, exhibits a sharp, well-de®ned (triplex to duplex) transition with a`T m ' of 65°C (see Fig. 4 ). The melting curve for parallel triplex± nanoparticle aggregates without incorporated 8-aminoguanine groups is also shown in Figure 4 (data taken from Fig. 2 ). Both of these melting curves show triplex to duplex transitions and a comparison between them clearly indicates the higher stability of triplexes that incorporate 8-aminoguanine groups.
Finally, in order to study the effect of substitution of three guanine bases by three 8-aminoguanine groups on antiparallel triplex behaviour, appropriate triplexes were prepared using h 26 3AG5¢-SH and Hoog-GA5¢-SH (see Fig. 1 ). As this is an antiparallel triplex, a citrate:phosphate buffer at pH 7 was used as the hybridization medium. Denaturation of the triplex was monitored using temperature-dependent UV-visible absorption spectroscopy and the resulting melting curve is shown in Figure 5 . This melting curve exhibits only one transition with a`T m ' of~80°C. Also shown in Figure 5 is the melting curve for the analogous antiparallel triplex without 8-aminoguanine incorporation (data taken from Fig. 3 ). For both types of triplex it was only possible to monitor denaturation of the hairpin (i.e. duplex to single strand), indicating that duplexes that incorporate 8-aminoguanine are possibly only a few degrees less stable than those that do not. This is in accordance with previous observations (40, 43) . Therefore, since the absorbance changes are very small and the transitions are quite broad, it is impossible to ascertain with certainty the effect of 8-aminoguanine inclusion in antiparallel triplexes using this approach.
Antiparallel triplex±nanoparticle aggregates formed using oligonucleotides incorporating 8-aminoguanine groups were then prepared using oligonucleotide±nanoparticle conjugates of the sequences h 26 3AG5¢-SH and Hoog-GA5¢-SH. The triplex±nanoparticle aggregate solution was denatured under standard conditions and the resultant melting curve, obtained from UV-visible analysis, exhibits one (triplex to duplex) transition with a`T m ' of~60°C (see Fig. 5 ). The melting curve for antiparallel triplex±nanoparticle aggregates without 8-aminoguanine inclusion is also shown in Figure 5 (data taken from Fig. 3 ). Both of these melting curves show triplex to duplex transitions and a comparison between them clearly indicates the higher stability of antiparallel triplex±nanopar-ticle aggregates incorporating 8-aminoguanine groups (~10°C). This con®rms the triplex stabilization properties of 8-aminoguanine observed using a more complex method in previous work using oligonucleotide hairpins (43) . Therefore, Figure 4 . Normalized thermal dissociation curves for (black triangle) modi®ed parallel triplexes formed from the hairpin h 26 3AG5¢-SH and the oligonucleotide Hoog±CT 3¢-SH and for (black square) parallel triplex± nanoparticle aggregates formed using oligonucleotide±nanoparticle conjugates based on the same sequences. Also shown for comparison is the melting data of Figure 2 for (dots) unmodi®ed parallel triplexes and for (dashes) parallel triplex±nanoparticle aggregates. Figure 5 . Normalized thermal dissociation curves for (black triangle) modi®ed antiparallel triplexes formed from the hairpin h263AG5¢-SH and the oligonucleotide Hoog-GA5¢-SH and for (black square) antiparallel triplex±nanoparticle aggregates formed using oligonucleotide±nanoparticle conjugates based on the same sequences. Also shown for comparison is the melting data of Figure 3 for (dots) unmodi®ed antiparallel triplexes and for (dashes) antiparallel triplex±nanoparticle aggregates.
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Overall, the advantages of oligonucleotide±gold nanoparticle conjugates for monitoring triplex denaturation behaviour are: (i) triplex to duplex melting transitions may be monitored for both parallel and antiparallel triplexes; (ii) the duplex to single strand transition does not signi®cantly contribute to the measured signal; (iii) sensitivity is increased (0.32 nmol each oligonucleotide are needed for gold nanoparticle assays versus 1.5 nmol each oligonucleotide without nanoparticles); (iv) the comparative sequence-dependent stability of triplexes may be readily assessed. Speci®c observations concerning the denaturation behaviour and comparative stability of DNA triple helices that have been made using the oligonucleotide± nanoparticle method are: (i) triplex±nanoparticle aggregates exhibit higher thermal stability than unmodi®ed triplexes; (ii) parallel triplexes are thermally more stable with respect to the triplex to duplex transition at pH 5.5 than antiparallel triplexes at pH 7; (iii) triplex to duplex melting transitions for parallel and antiparallel triplexes incorporating 8-aminoguanine groups may also be successfully monitored; (iv) dramatic stabilization of parallel and antiparallel triplexes following incorporation of these 8-aminopurines is con®rmed.
CONCLUSION
In conclusion, we have shown that gold nanoparticles bearing oligonucleotides are valuable tools that enable characterization of DNA triplex denaturation processes. For the ®rst time, both parallel and antiparallel triplex melting transitions can be monitored using UV-visible absorption spectroscopy. Triplex±nanoparticle aggregates exhibit sharper and betterde®ned melting transitions than unmodi®ed oligonucleotides. In particular, for the ®rst time the triplex to duplex transition of antiparallel triplexes may be readily observed. We have also demonstrated that this method can be used to assess the in¯uence of sequence modi®cations on triplex behaviour; substitution of three guanines by three 8-aminoguanine groups was clearly shown to stabilize both parallel and antiparallel triplexes. As interest in the use of triplex complexes for biological applications grows, availability of a simple, easily monitored, accurate method of investigating triple helix melting characteristics and comparative stabilities will be essential. Our results may also be of use in the development of novel triplex-forming oligonucleotides and for the detection of speci®c nucleic acid sequences by triplex formation.
